locus (QTL) selection it could increase the selection efficiency by eliminating environmental variance. Presently, there are numerous genetic maps in cotton with an array of fiber quality QTLs identified. Shen et al. (2007) identified seven QTLs for fiber strength (FS), which explained a range of observed phenotypic variations (PVs) from 4.31 to 16.15%. Sun et al. (2012) identified of 40 QTLs for fiber quality traits in recombinant inbred lines (RILs) across four environments, which explained 1.60 to 27.86% of the total observed PVs. Ning et al. (2014) identified 23 QTLs for FS, which were distributed on 10 chromosomes and explained 3.73 to 17.55% of the observed PVs. Fang et al. (2014) identified 20 QTLs for FS on 14 chromosomes using a random-mated recombinant inbred population in upland cotton. Tan et al. (2015) identified 59 QTLs controlling five fiber quality traits across five environments.
Despite these mapping successes, the practical application of QTLs in MAS is still rarely reported. Most of the genetic maps have been constructed using simple sequence repeat (SSR) markers, but the low abundance rate of SSR polymorphism in cotton (especially in intraspecific populations) results in SSR-based maps with large marker intervals, unexpected gaps, or even two or more linkage groups constructed within one chromosome (Zhang et al., 2016) , thus yielding maps with poor coverage of the whole genome. This phenomenon impedes MAS application in breeding programs. Another reason for the lack of application is related to marker transportability; it is not easy to apply the QTLs identified from one population to another. As a result, it has been difficult to apply map-based studies such as functional gene identification or the pyramiding breeding of QTLs through MAS in cotton (Wei et al., 2014; Guo et al., 2015; Ma et al., 2015; Zhang et al., 2016) .
Developing genome-wide markers to construct saturated linkage maps with high marker density is the key step in the application of map-based research activities (Timmerman-Vaughan et al., 2004; Burstin et al., 2007; Lejeune-henaut et al., 2008) . Single-nucleotide polymorphism (SNP) markers provide a good opportunity due to their abundance and stability in most genomes Maccaferri et al., 2015; Tian et al., 2015) . Single-nucleotide polymorphism markers are increasingly being applied to genetic map construction and MAS with the advent of next generation sequencing and highthroughput genotyping technologies, which make the development of SNP markers possible in large throughput scales. Our objective was to develop a high-density, intraspecific genetic map of upland cotton using an IntlCottonSNPConsortium_70k chip developed through the cooperation of the International Cotton SNP consortium and manufactured by Illumina Inc. (San Diego, CA) (Hulse-Kemp et al., 2015) . The mapped RIL population, consisting of 196 RILs, was from a cross between upland cotton strain '0-153' with excellent fiber quality and 'sGK9708' with high yield and wide adaptability. To ensure robustness, six locations and multiple years were involved for a total of 11 environments where phenotypic data was collected and analyzed. Based on these 11 environments of the 196-RIL population, a linkage map consisting of 793 SSR markers ( Jamshed et al., 2016; Sun et al., 2012) and a linkage map of 5521 specific locus amplified fragment sequencing (SLAF-seq) SNP markers (Zhang et al., 2016) had been previously constructed, with QTLs for fiber quality traits ( Jamshed et al., 2016) and for boll weight (Zhang et al., 2016) identified. The stability and reliability of the aforementioned QTLs still awaits verification. The aims of this study were to construct a genomic-scale, high-density genetic map using chip SNP markers and to identify and/or verify stable QTLs for FS on the basis of these previous studies (Sun et al., 2012; Jamshed et al., 2016; Zhang et al., 2016) .
MATERIALS AND METHODS

Plant Materials
An intraspecific F 6:8 RIL population with 196 lines was used in this study. The development procedure of the population was detailed in the report of Sun et al. (2012) . Briefly, the RIL population was developed from an upland cotton cross between strain 0-153, an upland cotton cultivar with strong FS, and sGK9708, which is derived from 'CRI41' and has wide adaptability and high yield potential. The cross was made in 2001 and 196 F 2:3 families were randomly selected in 2004 in Anyang. A random plant was selected in each of the F 2:6 families in Anyang in 2006 to form F 6:7 families. The F 6:7 families were planted in Hainan Province in the winter of 2006. F 6:8 families and later generations were regarded as RILs. For convenience in description and research, all the RILs were regarded as F 6:8 (Sun et al., 2012) . The phenotypic evaluations of this population were conducted across 5 yr and six locations, including in 2007 in Anyang; in 2008 in Anyang, Quzhou, and Linqing (Sun et al., 2012; Zhang et al., 2015b; for further information), in 2009 in Anyang, Quzhou, and Akesu; in 2010 in Anyang, Gaoyi, and Zhengzhou; in Anyang (Zhang et al. 2015b Jamshed et al., 2016 ; for further information).
Phenotypic Data Analysis
The sample collection and phenotypic data analysis of FS were described in Zhang et al. (2015b Zhang et al. ( , 2016 . Briefly, 30 fully opened bolls in each of the 196 lines of the RIL population were sampled during harvesting season in September each testing year and the fibers were sampled. High-volume instrumentation (HVI) testing was done using HFT9000 (Premier Evolvics Pvt. Ltd, India) instruments with HVICC calibration to test the FS in the Cotton Quality Supervision, Inspection and Testing Center, Ministry of Agriculture, Anyang, China. One-way ANOVA and Microsoft Excel were used to test the significance of the difference in FS between two parents and provide univariate phenotypic data on the population, including mean value, standard deviation, skewness, and kurtosis. van Ooijen, 2011) , genotyping errors or deletions were corrected using the SMOOTH algorithm (van Os et al., 2005) . After that, we ordered the map again and then we reran SMOOTH to correct the new ordered genotypes. After four or more cycles, a high-quality linkage map with 26 chromosomes was obtained. Map distances were estimated using the Kosambi mapping function (Kosambi, 1943) .
QTL of Fiber Strength Identification
Quantitative trait loci were identified using both a single-environment model (Model I) and a combined multiple-environment model (Model II), respectively. Model I analysis was performed to identify additive QTLs in a single environment. When the marker intervals of QTLs in different environments overlapped completely or partially, the QTLs were considered as the same ones. The QTLs identified in at least three environments were regarded as stable ones. Model II analysis was performed to identify additive QTLs and epistatic QTLs in combined multiple environments.
Model I analysis was performed with the composite interval mapping (CIM) method (Zeng, 1994) using the WinQTL Cartographer 2.5 software (Wang et al., 2001 ) with a mapping step of 1.0 cM, five control markers. The threshold score of logarithm of odds (LOD) was determined by performing a 1000-permutation test at a significant level of P < 0.05. Nomenclature of QTLs identified with Model I followed Sun's description (Sun et al., 2012) .
Model II analysis was performed with the inclusive composite interval mapping (ICIM) method using the MET function of the software QTL IciMapping 4.1 (Li et al., 2007 Meng et al., 2015) . Basically, two categories of QTLs, additive and epistatic, were identified based on IciMapping 4.1. For the additive analysis, a mapping step of 1.0 cM with a probability in stepwise regression (PIN) value of 0.001 was used. For the epistasis analysis, a mapping step of 1.5cM with a PIN value of 0.0001 was used. The threshold LOD score of both additive and epistasis analyses was determined by performing a 1000-permutation test at a significance level of P < 0.05. The additive QTLs identified by Model II were named using "meaq" (mutienvironment additive QTL), followed by the abbreviation of the trait, and then suffixed with the number of the chromosome and QTL number. The epistatic QTL pairs identified by Model II were named using "meeq" (mutienviroment epistatic QTL), followed by the abbreviation of the trait, and then with the number "1" or "2" to identify the member of the pair and, finally, the identification number of the QTL pair.
Congruence Analysis of the QTLs Identified by Models I and II
When the confidence interval of the QTL indentified by Model I was the same as or overlapped with that of the QTL identified by Model II or vice versa, the two QTL were regarded as the same.
Congruence Analysis of the QTLs with Previous Reports
Meta-analysis was performed using Biomercator 4.2 (Arcade et al., 2004) , as described by Said et al. (2013) , to construct a consensus linkage map based on the QTL database of cottonqtlgb. org. The previously reported QTLs were compared based on
Analysis of SNP Markers
The IntlCottonSNPConsortium_70k chip was developed by an international consortium and manufactured by Illumina Inc. (San Diego, CA). It contains approximately 70,000 SNP probes, in which all of the then-published SNP development works, as well as some sets of in-press SNP data at the time of chip manufacture, were included (Hulse- Kemp et al., 2015) . The chip primarily targets G. hirsutum-specific SNPs, but also contains SNPs from Gossypium barbadense L., Gossypium tomentosum Nutt. ex Seem, Gossypium mustelinum Miers ex G. Watt., Gossypium armourianum Kearney, and Gossypium longicalyx Hutch. & Lee (Hulse-Kemp et al., 2015) .
The IntlCottonSNPConsortium_70k Chip Hybridization and Result Analysis
The genomic DNA of both parents and 196 F 6:8 RILs were extracted with the TaKaRa MiniBEST Plant Genomic DNA Extraction Kit (TaKaRa, Dalian, China). Two parental and 196 F 6:8 lines were genotyped using the IntlCottonSNPConsortium_70k chip. The procedure of chip hybridization was performed according to the workflow described in the Illinium HD Assay Ultra manual provided by chip manufacturer Illumina Inc. and also described by HulseKemp et al. (2015) and Zhang et al. (2014) . Single-nucleotide polymorphism genotyping usually produced three clear clusters: AA homozygote, BB homozygote, and AB heterozygote. The SNP markers were screened and discarded through several steps based on the following criteria: first, the SNPs that did not show clearly three defined AA, BB, and AB clusters; second, the genotypes of SNPs of one or both of the parents that showed heterozygosis; third, the SNPs that had no polymorphism between parents; fourth, the SNPs that had missing data of more than 40%; and finally, the SNPs with an extremely significant segregation distortion (P < 0.001). The remaining SNP loci were used for further genotyping analysis and genetic map construction. A region on the map with more than three consecutive adjacent loci that showed significant (0.001 < P < 0.05) segregation distortion was defined as a segregation distortion region (SDR) .
SSR Markers Used in the Map Construction
All the SSR markers used in this study were identified by Sun et al. (2012) . The SSR markers also underwent screening procedures based on the criteria set for the SNP marker, as described in the section about IntlCottonSNPConsortium_70k chip hybridization and the results analysis.
Linkage Map Construction
The SNP and SSR markers (Sun et al., 2012) were partitioned initially into linkage groups and then located to the chromosomes based on genome database sequence (Zhang et al., 2015a) . Considering that the data may have genotyping errors and deletions when scanning and calling SNP genotype, which may greatly reduce the quality of the linkage map, a high map strategy was used to order the SNP alleles and correct genotyping errors within all chromosomes (Liu et al., 2014) . We first determined primary marker orders by their locations on chromosomes, and according to the relationship between ordered markers (Jansen this consensus map and common markers. The QTLs resulting from meta-analysis (meta-QTLs) were named using the term "metaqFS-chromosome number-QTL number in the same chromosome." The QTLs in the current study were compared with previous meta-QTLs using the physical positions of markers in the QTL confidence intervals based on the sequence database of Zhang et al. (2015a) . If the positions of the markers associated with two QTLs spanned an overlapped region in the physical map, partially or completely, the two QTLs will be considered as the same.
RESULTS
Phenotypic Data Analysis
The P-value in the one-way ANOVA analysis was <0.001, suggesting a significant difference in FS between the parents. The descriptive statistical analysis results of the parents and RIL population throughout 11 environments are listed in Table 1 . An approximately normal distribution was suggested based on the absolute skewness value of the mean value of FS in the RIL population, indicating that the population was suitable for map construction and QTL identification.
The heritability of FS was analyzed using fiber measurement data from 10 of the 11 environments of the RILs. The results are shown in Supplemental Table S1 . The heritability of FS was high, ranging from 0.7919 to 0.8492 for single lines and from 0.8833 to 0.9169 for an average per environment (P < 0.01). These results were in agreement with previous reports (Jamshed et al., 2016) . Genotypes, environments, and the interaction between them significantly contributed to the phenotypes of FS (Supplemental Table S2 ). Correlation analysis revealed that FS of the RILs were highly significantly correlated (P < 0.001) across all the environments (Supplemental Table S3 ).
Genetic Map Construction
The final genetic map consisted of 2393 markers, including 2316 SNP and 77 SSR markers. The map spanned a total distance of 2865.73 cM, with an average marker interval of 1.20 cM. In the A t subgenome, there were 1072 markers mapped, including 1028 SNP markers and 44 SSR ones, which spanned a linkage distance of 1380.9 cM with an average marker interval of 1.29 cM. In the D t subgenome, there were 1321 markers mapped, including 1288 SNP markers and 33 SSR ones, which spanned a linkage distance of 1484.83 cM with an average marker interval of 1.15 cM. The largest chromosome was c16, consisting of 178 markers and covering a genetic length of 194.96 cM, with an average marker interval of 1.10 cM. The smallest chromosome in the map was c6, consisting of only 46 markers and covering a genetic length of 52.85 cM, with an average marker interval of 1.17 cM. (Table 2, Supplemental Table S4 ).
Quality of the Genetic Map
The quality of the genetic linkage map was mainly assessed by the criteria of gaps in the map, segregation distortion of mapped markers, and of collinearity analysis between the genetic linkage map and the physical map.
The map contained 80 gaps, which were larger than 5 cM in the genetic map. The largest gap in the map was 28.17 cM and was on the c8. The chromosome c12 contained 10 gaps >5 cM, while c2, c3, c6, c21, and c25 contained no such gaps (Table 2, Supplemental Table S4 ).
Among the total 2393 markers in the map, there were 834 markers that showed significant segregation distortion (0.05 < P < 0.001). These segregation distortion markers (SDMs) were dispersed in all the linkage groups. Among the 834 SDMs, 313 of them were distributed in the A t subgenome of upland cotton, whereas 521 of them were distributed in the D t subgenome of G. hirsutum. Chromosome c14 contained 217 SDMs, accounting for 69.80% of all the markers mapped on it. Chromosome c11 contained the smallest number of SDM (three). The lowest percentage of SDMs was on c21 (5.5%). In total, the SDMs aggregated into 30 SDRs in the whole map, with 15 of them located in the A t subgenome and the remaining 15 located in D t subgenome of G. hirsutum (Table 2) . 
Additive QTLs for Fiber Strength Identified by Model II
Based on Model II analysis, a total of 16 additive QTLs were identified, among which four were mapped on c7, three on c4, two each on c3 and c16, and one each on c9, c13, c18, c23, and c25. A major QTL, meaqFS-c7-1, was identified to be within the marker interval of i30531Gh-i43170Gh, with 13.92% of the observed total PVs explained. Three additive QTLs, , and meaqFS-c13-1, were identified to have significant effects, and were located in the marker Collinearity analysis of SNP and SSR marker loci between the linkage map and the physical map (Zhang et al., 2015a ) is shown in Fig. 1 . The results showed that the SNP and SSR markers used in constructing the genetic linkage map had a reasonable consistency with their corresponding locations on the physical map over the whole genome. Chromosomes c1, c2, c3, c7, and c13 in the A t subgenome and c14, c18, c20, c22, c24, and c26 in the D t subgenome showed some deviations in collinearity analysis (Fig. 1 Based on Model I analysis, a total of 63 additive QTLs for FS were identified across 11 environments. Chromosomes c17, c23, and c26 had no additive QTL, and the remaining chromosomes were identified to harbor at least one additive QTL each, among which 16 additive QTLs were identified as stable ones. Briefly, qFS-c7-1, detected in all the 11 environments, was identified to be within the marker interval of i46669Gh-i21754Gh, explaining 4.72 to 13.55% of the observed PVs (Fang et al., 2014) . qFSc25-1, detected in nine environments, was identified to be within the marker interval of i57381Gb-i54356Gb, intervals of i01461Gh-i40901Gh, i00986Gh-i00200Gh, and i13102Gh-i26701Gh, with 4.97, 5.21, and 5.21% of the observed total PVs explained, respectively. Fig. 3 and Supplemental Table S7 .
The locations and effects on the PVs of the remained additive QTLs, namely meaqFS-c3-1, meaqFS-c3-2, meaqFS-c4-1, meaqFS-c4-2, meaqFS-c4-3, meaqFS-c7-2, meaqFS-c9-1, meaqFS-c16-1, meaqFS-c16-2, meaqFS-c18-1, meaqFS-c23-1, and meaqFS-c25-1, are detailed and listed in
Epistatic QTLs for Fiber Strength Identified by Model II
Epistatic QTLs were identified in pairs with Model II, and a total 156 pairs of epistatic QTLs were identified (Fig. 4 , Supplemental Table S8 ). All chromosomes were identified to harbor epistatic QTLs with no obvious preferences ( Fig. 4b and 4c) . The chromosomes that harbored the largest number of epistatic QTL numbers were c5 in the A t subgenome and c18 and c23 in the D t subgenome, harboring 13, 15, and 13 epistatic QTLs, respectively. The chromosomes that harbored the fewest epistatic QTLs were c2 and c8, both in the A t subgenome, harboring six and seven epistatic QTLs respectively (Fig. 4a) . Among them, only one pair of epistatic QTLs, meeqFS-1-155 and meeqFS-2-155, could explain >4% (4.29%) of the observed total PV of epistasis. Eight pairs of epistatic QTLs could explain from 3 to 4% of the observed total PV of epistasis. One hundred and forty-four pairs of epistatic QTLs could explain from 1 to 3% of the observed total PV of epistasis, and three pairs of epistatic QTLs could explain <1% of the observed total PV of epistasis (Fig. 4, Supplemental Table S8 ).
Comparison and Congruence Analysis of the QTLs Identified by Models I and II
Comparing the additive QTLs identified, four stable QTLs identified by Model I, , and qFS-c25-2, had the same or overlapped confidence intervals with four of the 16 QTLs identified by Model II, S7). The QTL meaqFS-c3-2, identified by Model II, also had overlapping confidence intervals with the QTL qFS-c3-2, which could only be detected in one environment by Model I. The remaining QTLs were exclusively identified by either Model I or II (Table 3 , Fig. 3 , Supplemental Tables S6 and S7 ).
The results of congruence analysis between the additive QTLs identified by Model I and the epistatic QTLs identified by Model II are shown in Table 4 . Among the 156 pairs of epistatic QTLs, one pair was identified to be congruent with additive QTLs qFS-c20-1 and meaqFS-c9-1, identified by Models I and II, respectively. Twenty epistatic QTL pairs were identified so that one of each pair was an additive QTL identified by Model I and/or Model II. The results showed meaqFS-c4-3 and qFS-c4-1 and meaqFS-c7-1 and qFS-c7-1 to be the same QTLs, respectively. Only qFS-c4-1 and qFS-c7-1 are referred to in the following analyses and discussions. qFS-c7-1 had epistatic interaction with three epistatic QTLs, meeqFS-1-11, meeqFS-2-15, and meeqFS-2-149, on chromosomes 2, 9, and 26, respectively. qFS-c1-1 and qFS-c20-1 identified by Model I and meaqFS-c23-1 identified by Model II had epistatic interaction with two epistatic QTLs, namely meeqFS-2-56 and meeqFS-2-90, meaqFS-c9-1 and meeqFS-2-95, and meeqFS-1-114 and meeqFS-1-115, respectively. Each of the remaining 11 additive QTLs identified by Model I or Model II had epistatic interaction with one epistatic QTL locus.
DISCUSSION Genetic Map Construction Using SNP Markers
Due to their abundance and stability, SNP markers are increasingly being applied to genetic map construction Tian et al., 2015) . Compared with the genetic map constructed with SSR markers, the linkage map constructed with SNP makers had significantly increased marker density and much better genome coverage (Guo et al., 2015; Ma et al., 2015; Tan et al., 2015; Wang et al., 2015) . In the current study, the SNP markers identified using the IntlCottonSNPConsortium_70k chip greatly increased the density of the map over the one constructed with SSR markers by Sun et al. (2012) , i.e., 30 SNP markers were added between the SSR markers TMB1688 and NAU1085 on chromosome 7, 128 SNP markers were added between the SSR markers TMK12 and BNL 1421 on chromosome 13, seven SNP markers were added between SSR markers BNL1047b and TMB2388, and 25 SNP markers were added between SSR markers NAU3243 and BNL3806b on chromosome 25 (Fig. 5) . The addition of SNP markers significantly increased the resolution of the constructed linkage map Ning et al., 2014) .
As to the current linkage map constructed by the IntlCottonSNPConsortium_70k chip, gap, collinearity, and segregation distortion analysis of the mapped markers confirmed its reliability (Fig. 1, Table 2 ) for further study applications. An overall 34.85% of the mapped markers showed distorted segregation. These SDMs were unevenly distributed not only on chromosomes, but also between the A t and D t subgenomes, with c14 containing the largest number of SDMs and c14 and c25 having the highest percentage of SDMs (Table 2 ). This severe segregation distortion in our population was first observed by Sun et al. (2012) , then subsequently by Jamshed et al. (2016) and Zhang et al. (2016) . Segregation distortion has also observed in other populations (Shen et al., 2005 (Shen et al., , 2007 Zhang et al., 2009; Tang et al., 2015) . Various factors including genetic drift (Zhang et al., 2009 ) and environment factors (Jamshed et al., 2016) may have led to the segregation distortion. Within in the current population, the composition characteristics may also account for some of the segregation distortion (Jamshed et al., 2016) . The collinearity analysis indicated that the linkage map described herein did not have full coverage of the physical map, which is illustrated by the total map length of 2865.73 cM ( Table 2 ). The current estimate is a 4500-cM physical map in tetraploid cotton, which includes G. hirsutum and G. barbadense (Rong et al., 2004) . Few of the cotton linkage maps constructed ever reach this estimation (Sun et al., 2012; Ning et al., 2014; Hulse-Kemp et al., 2015; Wang et al., 2015) .
The genome sequencing database of G. hirsutum reveals an estimation of A t and D t subgenomes of 1.7 Gb and 800 Mb, respectively, in physical size (Zhang et al., 2015a; Li et al., 2015a) . Although the physical size of the A t subgenome was almost twice that of the D t subgenome, the total linkage map length of the A t subgenome was slightly shorter than that of the D t subgenome (Table  2, Supplemental Table S4 ). The A t and D t subgenomes showed different crossover or recombination rates, with 1 cM of linkage map length representing an average of 1231 kb in the A t subgenome chromosomes and 539 kb in the D t subgenome chromosomes. Both values are a little bit higher than the estimations based on the genome sizes of Gossypium arboreum L. and Gossypium raimondii Ulbr. (Hulse-Kemp et al., 2015) .
Another intraspecific linkage map was also constructed with the CottonSNP63K array (Hulse-Kemp et al., 2015) . It covered a total genetic distance of 3490 cM, with several sizable gaps, the largest of which was 56 cM in c21. The Hulse-Kemp's map (Hulse-Kemp et al., 2015) consisted of more than 7000 SNPs, with only 1176 cosegregation bins. In our linkage map, 2393 markers were mapped with a total genetic distance of 2865.73 cM, with a few moderate gaps and small cosegregation bins. Common SNP markers between the current study and the Hulse-Kemp's map were searched for, but due to the lack of full marker information of cosegregation bins in the Hulse-Kemp's map (Hulse-Kemp et al., 2015) , only a few common SNP markers were found. The map also featured a consensus with SSR markers identified by Sun et al. (2012) . (Table  2, Supplemental Table S4 ). This consensus provides direct evidence of the consistency of the current linkage map with the previous one (Sun et al., 2012) constructed with the same RIL population of different generations.
Reliability of the Epistatic QTLs Identified by Model II
In this study, permutation tests of 1000 times were used to control the strictness of the epistatic QTL pair identification. As the epistasis effect can have a high false positive rate, after permutation tests of 1000 times, the software still identified 156 pairs QTL pairs endowed with a high enough LOD value to indicate their reliability. The percentage of the observed total PV of epistasis that the epistatic QTL pairs could explain might also be taken into consideration to assess the reliability of the QTL pair. Therefore, the QTLs pairs that had a higher LOD value and could also explain a higher percent of the observed total PV of epistasis should be considered first have true epistasis effect (Fig. 4c, Supplemental Table S8 ). Still, whether all the 156 QTLs pairs have epistasis effect or not, is still needed to be confirmed in further studies.
Epistasis Effect Analysis of the Additive QTLs Identified by Models I or II
Obviously, the additive QTLs identified, whether by Model I or II, have biased distributions on the chromosomes throughout the whole genome. This phenomenon was also observed in various studies (Shen et al. 2005 (Shen et al. , 2007 Sun et al., 2012; Wei et al., 2014; Tan et al., 2015; Shang et al., 2015; Zhang et al., 2015b; Jamshed et al., 2016) . The epistatic QTLs identified by Model II do not show significant bias distributions throughout the genome except that some chromosomes harbor a few more or less epistatic QTLs.
We reported a total of nine additive QTLs identified by Model I and seven additive QTLs identified by Model II that have an epistatic interaction with an epistatic QTL locus. The additive QTL qFS-c7-1 had interaction with three epistatic QTL loci. It was also confirmed by both models to have a major contribution to the formation of FS. The QTL qFS-c1-1 had interaction with two epistatic QTL loci. It was one of the few stable QTLs that had a favorable alleles derived from the low FS value parent sGK9708 and was also one of the QTLs that could explain the largest observed PVs. qFS-c20-1 is a newly identified stable QTL that had an epistatic interaction with two QTLs, the additive QTL meaqFS-c9-1 and the epistatic QTL meeqFS-2-95 identified by Model II. meaqFS-c23-1 was the only additive QTL identified by Model II to have interactions with two epistatic QTL loci. These additive QTLs with epistasis effects need special attention when they are applied to MAS in future breeding programs, especially the additive qFS-c20-1 and meaqFS-c9-1, as their mutual epistatic interaction indicates a synergistic effect when both are selected.
Congruence Analysis with Previously Reported QTLs
Composite interval mapping (Model I) is a commonly used method to detect QTLs. When CIM is used to identify QTLs across multiple environments, the related trait is regarded as multiple ones; therefore, CIM is unable to identify the QTL by environment interactions based on multiple environments. The algorithm used in CIM also cannot completely ensure that the effect of QTL at the current testing interval is not absorbed by the background marker variables and may thus result in biased estimation of the QTL effect (Zeng, 1994; Li et al., 2007) . Inclusive composite interval mapping (Model II) was designed to improve CIM with the modified algorithm of the latter being able to render CIM more inclusive of all marker data (Li et al., 2007 Meng et al., 2015) . Especially when phenotypic data are evaluated and collected through multiple locations and/or years, the built-in environment interactions provided by multiple environment data would be interpreted and investigated effectively with the ICIM method. Such built-in environment interactions could contribute useful information to the efficient use of MAS in cotton breeding and better understanding of genetic architecture of important quantitative traits. Therefore, the two QTL identification models in the current study emphasize different considerations. Model I considered the QTLs identified in a single environment, and thus the stability of a QTL was detected across multiple environments. Model II emphasized an integration of various environments to identify QTLs. The advantage of Model II was its detection of the epistatic QTLs besides the major effects of the additive QTLs. Therefore, it is reasonable that some of the QTLs were solely identified by one of the two models. The QTLs identified in both models should be emphasized first to do the next step of research activities.
As one of the most important component traits of fiber quality, FS, has been the focus in plenty of QTL identification studies (Said et al., 2013) . Several major QTLs identified from different studies have been uploaded into the database cottonqtlgb.org (Zhang et al., 2003; Shen et al., 2005 Shen et al., , 2007 Said et al., 2013; Fang et al., 2014; Ning et al., 2014; Tan et al., 2015) . We meta-analyzed the previously reported QTLs and compared them with QTLs identified in the current study (Supplemental Table  S9 ). Compared with the metaQTL, of the 16 stable QTLs identified by Model I and 16 additive QTLs identified by Model II, seven QTLs identified by and seven QTLs identified by were newly identified additive FS QTLs. All the remained QTLs were reported in prior research.
Among these previously reported QTLs, the most interesting finding is that the QTLs reported in the current study are more precisely mapped. The QTL identified on c7 provides a very good explanation example for such finding. The QTL metaqFS-c7-1 was previously report by several researchers as a major QTL controlling FS (Supplemental Table S9 ) (Zhang et al., 2009; Sun et al., 2012; Fang et al., 2014; Ning et al., 2014; Jamshed et al., 2016) . In the confidence interval of this QTL, we identified two FS-controlling QTLs, qFS-c7-1 and qFS-c7-2, each of which has a much more concise confidence interval, explaining 4.72 to 13.55% and 6.05 to 8.73% of the observed PVs, respectively, in the current study (Table  3) . qFS-c4-1 could also be an important QTL identified in this study, as it was not only identified as stable across multiple environments and confirmed by both Models I and II simultaneously but also was identified by previous studies (Supplemental Table S9 ) (Said et al., 2013; Jamshed et al., 2016) . The physical positions of the markers in the confidence interval (Supplemental Table S10 ) indicate that qFS-c4-1 could possibly be the same as metaqFS-c4-1, as the physical positions of the markers in their confidence intervals are located at less than 2 Mb (Supplemental Tables S9 and S10). Chromosome c23 was estimated to harbor five QTLs conferring FS from meta-analysis (Supplemental Table S9 ). The only QTL that was identified by Model II to have two epistatic QTL loci, meaqFS-c23-1, could be metaqFS-c23-5, as their physical positions were quite adjacent (Supplemental Tables S9 and S11). The QTLs for which the physical positions of their markers are in adjacent confidence intervals may need further confirmation as to whether they were the same or not.
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